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AN OPTICAL FIBRE 



Field oftuventian 

his invention relates to an optical fibre for high-power lasers and amplifiers, 
Backgrwnd to the Invention 

[imulated Brillouin Scattering (SBS) provides a limitation for high-power 
fibre las§-$ and optical amplifiers. Light travelling down the fibre excites an acoustic 
wave wJjich reflects the light, the reflected light being shifted in wavelength by the 
BriilouiJ wavelength shift. Different glass materials have different Brillouin 
wavelenlth shifts and Brillouin bandwidths. 

is known that the SBS threshold can be increased by varying the materials 
along ajfoptical fibre, by inducing a temperature gradient along a fibre, and by 
utiliztn^fclasses having different Brillouin shifts across the cross section of a fibre. 

| is also known that the SBS threshold can be increased using so-called large 
mode ai|a fibres — foj* example see WO 00/02290. Such fibres can have relatively 
low nunftrfcal apertures and can be operated tnulti-moded and bent Such as to provide 
higher lf&ses for the higher-order modes as compared to the fimdamentaQ mode. 

iere is a need for a fibre that can be used in single-frequency lasers and 
amplifies and that has a high SBS threshold. It is preferred that the fibre is linearly 
birefrinftnt and can be operated in a single polarization regime. 

is an aim of the present invention to increase the stimulated Brillouin 
scatterhfc threshold of an optical fibre. 
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immary of the Invention 

ccoiding to a non-limiting embodiment of the present invention there is 
provide Jan optical fibre comprising a waveguide and at least one stress applying 
region, i which the waveguide is defined by a numerical aperture, the stress applying 
region 1 sa depressed refractive index, and in which the optical fibre is configured 
such tin the waveguide supports at least two polarised fundamental modes, two 
polarise first second-order modes, and two polarised second second-order modes, 
and in vfrich the waveguide comprises a gain medium, and in which the stress 
applyin region, the waveguide and the disposition of the gain medium are such as to 
provide referential guidance to at least one of the fundamental modes at an operating 
waveleiifah. 

lie optical fibre may be bent 

'he gain medium may comprise one or more rare-earth dopant 
he rare earth dopant may comprise one or more of Ytterbium, Erbium, 
Neodyilium, Praseodymium, Thulium, Samarium, Holmium, Europium, Terbium, 
and Dy fcrosium. 

hi least one of the fundamental modes, the first second-order modes, and the 
second econd-order modes may be leaky at the operating wavelength- 

lie optical fibre is preferably configured to operate as a single-polarisation 
optical ibre at the operating wavelength. 

"he optical fibfe may be tapered along its length, 
The waveguide may be tapered along its length* 
"he numerical aperture may correspond to an index difference less than 
around §.0035, 
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ie numerical aperture may correspond to an index difference less than 
around* 0025. 

mimical aperture may correspond to an index: difference less than 

around < 002. 

e optical fibre may comprise a photosensitive region, 
lie photosensitive region may be at least partly in the stress applying region, 
be photosensitive region may be at least partly in the waveguide, 
he optical fibre may be defined by a stimulated Brfiiuoin scattering 
, and the optical fibre may have been exposed to ultraviolet radiation at least 
a >ng its length in order to increase the stimulated Brilloirin scattering 



thresho 
partly 
thresho 



thresho 
partly 
thresho 



optical 
master 
optical 
wave. 



depress d 



defined 



AKPTON PHOTONICS PC FAX NO. 02380280474 



^^0 



P. 05 



numerical aperture may correspond to an index difference less than 



003. 



he optical fibre may be defined by a stimulated Brilluoin scattering 
and the optical fibre may have been exposed to heat treatment at least 
its length in order to increase the stimulated Brillouin scattering 



a mg 



'he invention also provides an optical amplifying device comprising the 
bre. The optical amplifying device may be an optical amplifier, a laser, or a 
scillator power amplifier, in use, the optical amplifying device may emit 
jdiatfcm. The optical radiation may be pulsed, modulated or continuous 



he invention also provides an optical fibre comprising a waveguide having a 

refractive index region and a gain medium, in which the waveguide is 
>y two polarised fundamental modes, two polarised first second-order modes 
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and twcjfcolarised second second-order mndes> and in which the depressed refractive 
index ulion is configured to provide preferential guidance to the first second-order 
modes Ampared to the second second-order modes* and the gain medium is 
configuftd to provide preferential guidance to (be fundamental modes compared to 
the ffrsipecond-order modes. 

ie optical fibre may comprise at least one $tress applying region* 
> optical fibre may be configured to provide single-polarisation operation at 
an operfting wavelength- 



Brief Inscription of the Drawings 

tmbodiments Of the invention will now be described solely by way of 
exampjl and with reference to the accompanying drawings in which: 

figure 1 shows an optical fibre according to the present invention; 
figure 2 shows an optical fibre comprising two stress applying regions; 
[igure 3 shows the ftmdamental modes of an optical fibre; 
figure 4 shows the second-order modes of an optical fibre; 
figure 5 shows transmission of an optical fibre with respect to wavelength; 
Figure 6 shows the relative transmission 6f two polarisations in an optical 



achies 



figure 7 shows an operating window in which single-polarisation operation is 

figure 8 shows the variation in extinction ratio with wavelength and azimuth; 
figure 9 defines azimuth; 
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gure 10 shows the variation of wavelength with azimuth for a 15dB 

extinctii i ratio; 

igure 1 1 shows an optical fibre with a gain medium; 
[gure J2 shows a refractive index variation of an optical fibre; 
igure 13 shows an optical fibre with photosensitive regions in the stress 
applyin regipns; 

igure 14 shows an optical fibre with photosensitive regions in the core; 
igute 15 shows an amplifying optical device; 
igure 16 shows an optical fibre comprising depressed index regions; 
igure 17 shows the refractive index profile of the fibre shown in Figure 17; 
igure 18 shows an optical fibre comprising longitudinally extending holes; 
igure 19 shows an optical fibre comprising a raised index ring around the 



core;ai 



Figure 



igures 20 to 23 show manufacturing steps to fabricate the fibre shown in 
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Detailel Description of Preferred Embodiments of the Invention 

with reference to Figure 1, there is provided an optical fibre 1 comprising a 
waveguBe 2 and at least one stress applying region 3, in which the waveguide 2 is 
defined my a numerical aperture* the stress applying region 3 has a depressed 
retracti* index, and in wttich the optical fibre 1 is configured such that the 
wavegulle 2 supports at least two poiari$ed fundamental modes* two polarised first 
second- Irder modes, and two polarised second second-order modes, and in which the 
waveguKe 2 comprises a gain medium 4, and in which the stress applying region 3, 
the wavlguide 2 and the disposition of the gain medium 4 are such as to provide 
preferential guidance to at least one of the fundamental modes at an operating 
wavelapth. 

■he waveguide 2 can be a microstractured fibre containing longitudinally 
extendilg holes along its length, 

the optical fibre I can be circular, oval, elliptical or have a rectangular cross- 
section JThe optical fibre 1 is preferably coated. 

figure 2 shows a Cross-section of an optical fibre 20 comprising a substrate 
22, stre* applying regions 21 , a core 23 and an inner cladding region 24, The core 23 
and intw cladding region 24 comprise the waveguide 2, The stress applying regions 
21 are itpically doped with boron or boron co-dop$d with germania and typically 
have a Impressed refractive index with respsct to the refractive index: of the substrate 
22. Th| substrate 22 is typically silica. 

figure 3 shows the x- and y-polari$ed fundamental modes 3 1, 32 of the fibre 
20, lab Jled HE| * and HE, , y respectively. The fundamental modes 3 1 7 32 have a 
maximln amplitude located approximately at the centre of the core 23. 
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guie 4 shows the four second-order modes 41, 42, 43, 44 of the fibre 20. 
i be separated into x- and y-polarised first second-order modes 41, 42 and x- 
arised second second-order modes 43, 44. the second-order modes 41, 42, 
43, 44 h ve a minimum located approximately at the centre of me core 23. 

gure 5 Shows the relative transmission 55 of the optical fibre 20 measured 
versus v rvelength 56 of the optical fibre 20 when bent compared to when straight 
the optical fibre has the effect of increasing losses of modes that are 
near to cut off. The cut-offs of the four second modes 4 1, 42, 43, 44 are 
is 51, 52, 53, 54 respectively. The depressed index of the stress applying 
1 has the effect of reducing the cut-off wavelength of the second second- 
des 43, 44. The depressed refractive index region provides preferential 
to the first second-order modes compared to the second second-order modes, 
igure 6 shows the relative transmission 61 of the optical fibre 20 measured 
avelength 56 foT x-polarised light compared to y-polarised light 
igure 7 shows me relative transmission 76 of x- and y-polarised length versus 
wavelefcth 56 of a different length of ma optical fibre 20, drawn to have a smaller 
■. The cut-off wavelengths 71, 72 of the two fundamental modes 31, 32, and 
ff wavelengths 73, 74 of the two first second-order modes 41, 42 are 



figure 8 shows the extinction ratio 81 of y-polarised light compared to x- 
polaris* 1 light measured through the optical fibre 20 as a function of wavelength 56 
mth 8 91 of me bend direction relative to the stress applying regions 21 as 



further lefined in Figure 9, The wavelength variation 101 for a 15dB extinction is 
shown lotted against azimuth 91 in Figure 10, Figures 8, 9 and 10 demonstrate that 
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the ben 1 losses can be tuned by bending the Optical fibre 20 and by controlling the 
azimut)|91 of die bend radius. 

figure 1 1 shows an optical fibre 1 10 comprising two gain mediums 111. The 
gain mAium 111 can comprise one or more rare-earth dopants. The rare earth dopant 
comprifts one or more of Ytterbium, Erbium, Neodymium, Praseodymium, Thulium, 
Samarifcn, Holmiuro, Europium, Terbium, and Dysprosium. Preferably the rare earth 
dopant!; Ytterbium or erbium. The erbium may be co-doped with Ytterbium. The 
disposilon of the gain medium 1 1 1 is such that it provide$ preferential gain for the 
fundan»ntal modes 3 1, 32 and the second second-order modes 43, 44 compared to the 
first seJmd-order modes 41 , 42. This is because the first second-order modes 41, 42 
have a lull along the x-axis. Thus wheat the optical fibre 20 is bent, the depressed 
index <f*the stress applying regions 21 will cause ieakiness of the second second- 
order n|>des 43, 44 p and the bend losses combined with the preferential gain afforded 
by the ^position of the gain medium 1 1 1 will cause additional leakage of the first 
second|>rder modes as compared with the fundamental modes 3 1 , 32. 

atively or additionally, the gain medium 4 can be located in the core 23 
in a re Jon where the intensity of the fundamental modes 3 1 , 32 is greater than the 
intensity of the first second-order modes 41, 42. 

Figure 7 shows a wavelength window 79 in which the optical fibre 20 operates 
as a si Ale-polarisation optical fibre. A similar wavelength window will exi$t for the 
optica] libre 110, It i$ preferred that the optical fibre 1 10 is configured ta operate as a 
singte-lolatisation optical fibre at its operating wavelength. This is achieved by 
approbate choices of the refractive index profiles* relative dimensions and the fibre 



diamei 



mmmmmmmmmmi 
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[gure 12 shows the refractive index profile 120 across the x-axi$ of the 
optical fjrellO. The refractive index of the core n. 121 is raised with respect to the 

. ^dex of the cladding n* 122. The refractive index of the stress applying 
regions L 123 is depressed with respect to the cladding n* 122. The refractive index 
of the s Jess applying regions a, 123 is typically depressed by about 0.0001 to 0.03 
with reflect to the refractive index of the cladding n c i 122, 

Ibe refractive index n** 121 is typically raised by about 0.001 to 0.005 with 
inspect I the refractive index of the cladding n cl 122. However, it may be 
advantileous to raise 121 by 0.0005 to 0.001 with respect to the substrate 22 in 
order tcl-educe the numerical aperture of the fibre 1 1 0 further. 

[he refractive index difference between core and cladding is often expressed 
as a nuJerical aperture defined by N A = (nco 2 - rioi 2 ) 0 ' 5 . 

L order to increase the Stimulated Brillouin Threshold, the numerical aperture 
should Irrespond to an index difference between core and cladding n M - n d less than 
around 1.0035. The numerical aperture can correspond to an index difference less 
than anlind 0.003. It is preferred that the numerical aperture corresponds to an index 
dif&reile less than around 0.0025, Lower numerical apertures can also be • 
advante|eous, corresponding to refractive index differences of 0.002, or even 0.005 to 
0.002, 

fhe core 23 may comprise a more complex refractive index profile, including 
at least Ine ring and index depressions, the refractive index na> 12 1 thus being 
uuerpnfed as an effective refractive index - that is the equivalent refractive index ofa 
convenional step-index fibre that guides light with the same spot size as would be ; 
guided m the optical fibre 1 10. 
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ier increases in the Stimulated Briliouin Threshold can be achieved by 
taperin Jthe optical fibre 1 along its length, Additionally or alternatively, the 
wavegiifle 2 can he tapered along its length. 

13 shows an optical fibre 130 comprising round stress applying regions 
131, Slih an optical fibre is typically referred to as a PANDA optical fibre. The 
design latures of the optical fibre 130 are preferably similar to those described with 
referent to Figures 2 to 12* except that the stress applying regions 131 are 
appropriately circular. The stress applying regions 13 1 comprise a photosensitive 
region |32. The photosensitive region 132 may be boron doped silica co-doped with 
german 

figure 14 shows an optical fibre 140 in which the core 23 comprises a 
photos Asitive region 141. The photosensitive region may also be located wholly or 
partly il the core 23 and/or partly in the stress applying regions 131 . Alternatively or 
additionally, the photosensitive region may be located in the inner cladding 24 or 
substrals 22. The photosensitive region 141 may be germania doped silica, or if 
locateciln the inner cladding 24 or substrate 22, germania silica co-doped with boron. 

Exposing the optical fibre 130, 140 to ultraviolet light (for example as used in 
the maAifacture of fibre Bragg gratings) or heat treating the optical fibre 1 30, 140 
will chftige the stresses within the fibre cross-section and can increase the stimulated 
Brillu<ia scattering threshold. It is preferred that such irradiation or heat treatment is 
varied flong the optical fibre 130, 140, 

figure 15 shows an optical amplifying device 150 comprising the optical fibre 
153 an! a source 151 of pump radiation 152, The optical amplifying device 150 may 
be an ifttical amplifier, a laser, or a master oscillator power amplifier. In use, the 
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iplifying device may emit optical radiation 154. The optical radiation 154 
used, modulated or continuous wave. 

preferred that in use the optical fibre 1 is bent With reference to Figures 
0, it is seen that depending on the design of the optical fibre 1 single- 
operation at the operating wavelength of the optical amplifying device 
>e achieved by varying the azimuth 91 of the optical fibre 1. 
gure 16 shows a cross-section of an optical fibre 160 having the gain 
in the core 4. The optical fibre 160 also comprises a depressed cladding 
1 and two stress applying regions 162. The purpose of the depressed 

161 is to cut-off the second second-order modes 43, 44 defined in 
and the purpose of the stress applying regions 162 is to induce stress 
fence and/or to create a window of single-polarisation operation 79 as defined 
7. In certain embodiments of the present invention, the optical fibre 160 
s one or both of the depressed cladding regions 161 and stress applying 
62. 

igure 17 shows the refractive index profile of the optical fibre 160. The core 
aised index 1 70, the depressed cladding regions 1 61 a depressed index 172, 
itress applying regions 162 a depressed index 174 compared to the index 173 
bstrate 22. The refractive index 171 of the inner cladding 24 is 
naiely matched to the substrate 22. The index 174 of the stress applying 
may alternatively be matched to the index 173 of the substrate 22, or may 
It is preferred however to depress the index 1 74 of the stress applying 

H62. 

figure 18 shows an optical fibre ISO comprising longitudinally extending 
I instead of the depressed cladding regions 161 of Figure 16. 



b< raised 
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igure 19 shows an optical fibre 190 comprising two depressed-index regions 
191 anclli raised index ring 192 surrounding the core 141, Such a waveguide design 
comprufcg the core 141 and raised index ring 192 is a so-Called large-mode area 
design -Isee United States Patent Application US 2002/001 S630 Al for more details. 
The C03-1 141 may have a refractive index difference compared to the substrate 22 of 
around 1.001 to 0.002 and a diameter of around \5\mi to 25\xm. The ring 192 may 
have a biased index of around 0.0002 to 0.0007 compared to the substrate 22 and an 
outer dalraeter of around 40f«n to SOjim. 

■igure 20 shows the cross-section of an optical fibre preform 200 comprising a 
depres&Id index ring 201, The preform is sawn along the lines 202 to provide four 
longitudinally extending sections 203. 

figure 22 shows the Cross-section of a optical fibre preform 210 comprising a 
raised-iidcx ring 21 1 . The preform 21 0 is sawn along the lines 212 to provide four 
longitu Juaally extending sections 213. 

figure 23 shows arod-in-tube preform assembly 220 comprising a substrate 
222 comprising holes 223 configured to accept the sections 203 and 213 and stress 
applyixl rods 221, Hie $ubsttate 222 is preferably fused silica, and the holes 223 can 
be mac lined using Ultrasonic drilling. 

Figure 23 shows the resulting fibre 230 drawn from the preform assembly 220. 
The fills 230 has gain regions 4 and depressed index regions 201 in the axis of the 
stress iiiplying regions 191> and inner cladding 24 and positive index regions 21 1 in 
the perisndicular direction. The method of manufacture described with reference to 
FigurerfcO to 23 is preferred to avoid preform shattering when highly-stressed regions 
are alhlved to heat and cool. 
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is to be appreciated that the embodiments of the invention described above 
rence to the accompanying drawings have been given by way of example 
that modifications and additional components may be provided to enhance 



nee. 
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as applying region, the waveguide and the disposition of the gain medium 



; configured to operate as a single-polarisation optical fibre at the operating 



7, An|>ptical fibre according to any one of the preceding claims in which the optical 



fib 



> is tapered along its length. 
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8. An« Jtical fibre according to any one of the preceding claims in which, the 
wa\ guide is tepered along its length. 

9. An< stical fibre according to any one of the preceding claims in which the 
nun deal aperture corresponds to an index difference less than around 0.0035. 

10. An rtical fibre according to any one of claims 1 to 8 in which the numerical 
apei ure may correspond to an index difference less than around 0.003. 

1 1 . An ptical fibre according to any one of claims 1 to 8 in which the numerical 
apei ure may correspond to an index difference less than around 0.0025. 

12. An ptical fibre according to any one of olaims I to S in which the numerical 
ape: ure may correspond to an index difference less than around 0.002. 

1 3. An ptical fibre according to any one of the preceding claims in which the optical 
fibi comprises a photosensitive region. 

X4. An ptical fibre according to claim 13 in which the photosensitive region is at 

lea: partly in the stress applying region- 

1 5. An ptical fibre according to claim 13 in which the photosensitive region is at 
lea: partly in the waveguide. 

16. An .ptical fibre according to any one of the preceding claims in which the optical 
fib is denned by a stimulated Brilluoin scattering threshold, and the optical fibre 
ha* seen exposed to ultraviolet radiation at least partly along its length in order to 
inc »se the stimulated Brillouin scattering threshold. 

17. An )ptical fibre according to any one of the preceding claims in which the optical 
fibi ; may be defined by a stimulated Brilluoin scattering threshold, and the optical 
fib i may have been exposed to heat treatment at least partly along its length in 
orti r to increase the stimulated Brillouin scattering threshold. 
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18. An Atical fibre according to any one of the preceding claims configured as an 
optiMil amplifying device. 

19. An Jbtical fibre according to claim 1 8 in which the optical amplifying device is an 
optilal amplifier, a laser, Or 3 master oscillator power amplifier. 

20. An fctical fibre comprising a waveguide having a depressed refractive index 
regiln and a gain medium, in which the waveguide is defined by two polarised 
funtlimental modes, two polarised first second-order modes and two polarised 
secAd second-order modes, and in which the depressed refractive index region is 
conlgured to provide preferential guidance to the first second-order modes 
conftared to the second second-order modes, and the gain medium i$ configured 
to pfcvide preferential guidance to the fundamental modes compared to the first 
secJid-order modes, 

21 . An Iptical fibre according to claim 20 and further comprising at least one stress 
appldng region. 

22. An Iptical fibre according to claim 20 or claim 21 which is configured to provide 

sin Je-polarisation operation at an operating wavelength- 
23 > An Iptical fibre substantially as herein described with reference to the 

accompanying drawings. 
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